The terminal differentiation of B cells into antibody-secreting cells (ASCs) is an essential component of a productive immune response. Upon antigen encounter, B cells undergo multiple rounds of division, initiate Ig class-switch recombination (CSR), and acquire the ability to differentiate into short-lived cycling plasmablasts, long-lived postmitotic plasma cells, or memory B cells ([@bib14]). Plasmablasts arise from extrafollicular B cell responses, whereas plasma cells are predominantly germinal center (GC) derived. The GC reaction also produces memory B cells that can rapidly differentiate into ASC after reexposure to antigen.

The process of B cell terminal differentiation can be studied in vitro, as B cells are capable of both CSR and differentiation to ASCs in response to T cell--derived stimuli (CD40L and cytokines) or toll-like receptor--mediated signals (LPS). Quantitative analysis of B cell cultures has revealed a striking relationship between cell division history and CSR and ASC differentiation ([@bib8]; [@bib19]; [@bib39]). These findings have led to a division-based model of B cell behavior that describes how stochastic decisions taken at a single cell level result in the controlled generation of a variety of differentiated cell types in the population as a whole ([@bib19]).

A small number of transcription factors have been identified that guide the developmental program leading to ASC differentiation, with the evidence to date suggesting that this gene regulatory network is dominated by transcriptional repression ([@bib47], [@bib48], [@bib49]; [@bib51]). One group of factors, including PAX5, BACH2, and BCL6, are expressed in activated B cells and act predominantly by repressing differentiation ([@bib39]). PAX5 represses genes associated with the stem cell and non--B lineage programs, as well as several genes involved in ASC differentiation including *Prdm1* (the gene encoding BLIMP-1 \[B lymphocyte-induced maturation protein-1\]) and *Igj* (J chain; [@bib10]). BCL6 and BACH2 suppress ASC development in part by repressing *Prdm1* ([@bib47]; [@bib58]; [@bib37]).

The molecular changes that overcome this repression and allow ASC formation remain unclear, but it is known that differentiation requires IRF4 and BLIMP-1 ([@bib36]; [@bib51]), whereas high level Ig secretion is XBP1-dependent ([@bib56]; [@bib55]). IRF4 is present at relatively low amounts in activated B cells, where it regulates CSR and GC formation ([@bib45], [@bib46]; [@bib40]; [@bib65]). Upon further differentiation, IRF4 expression markedly increases---an event essential for ASC development ([@bib45]).

BLIMP-1 is expressed in ASC where it is required for the generation of a functional ASC compartment and normal serum Ig titers ([@bib51]; [@bib23]; [@bib24]). BLIMP-1 is, however, dispensable for the initiation of the ASC differentiation program, as several early events in the terminal differentiation process, including the down-regulation of PAX5 and BCL6, initiation of *Prdm1* transcription, and low level Ig secretion occur in BLIMP-1--deficient B cells ([@bib24]). This raises the question: what factor, if not BLIMP-1, initiates the terminal differentiation process?

Here, we show that the transcription factors IRF8 and PU.1 together function to negatively regulate ASC differentiation. IRF8 is closely related to IRF4 and is required for many aspects of myelopoiesis and DC development ([@bib1]). Despite the fact that much biochemical evidence has been provided to support a role for IRF8 and PU.1 in B cell development and function, conditional inactivation of either factor in B cells leads to essentially normal humoral responses ([@bib41]; [@bib15]). As PU.1 and IRF proteins (both IRF4 and 8) are well known to cooperatively bind to composite DNA recognition motifs ([@bib42]; [@bib13]; [@bib26]), we have addressed the importance of this interaction by creating mice in which IRF8 and PU.1 are deleted in B cells. We found that the loss of both factors led to a dramatic enhancement in the rates of CSR and ASC differentiation. IRF8/PU.1 controlled the B cell to ASC transition by simultaneously activating components of the B cell program, including *Bcl6*, as well as repressing ASC-promoting factors such as *Prdm1*. The negative regulation of ASC differentiation by IRF8/PU.1 contrasts strikingly with the established role of IRF4 in promoting CSR and ASC differentiation ([@bib36]; [@bib27]; [@bib45]). We provide evidence that IRF8 and IRF4 bind to the same sites in critical target genes and propose a model whereby the rate of ASC differentiation is controlled by the relative concentration of these two factors acting in a reciprocal manner.

RESULTS
=======

B cell development in the absence of IRF8 and PU.1
--------------------------------------------------

Despite the biochemical evidence for a decisive role of IRF8 and PU.1 in late B cell differentiation and function, genetic deletion of either factor has only minimal consequence for B cell development and no reported impact on B cell function ([@bib41]; [@bib15]). As PU.1, IRF4, and IRF8 are well known to cooperatively bind to a variety of composite elements in the promoters and enhancers of many myeloid and lymphoid genes, we have genetically addressed the importance of this interaction by deleting both IRF8 and PU.1 in B cells. To achieve this, we crossed mice in which PU.1 is conditionally inactivated in B cells ([@bib41]; *Spi1^fl/fl^Cd19^cre/+^*, termed PU.1cKO) to mice lacking IRF8 ([@bib22]). All mice were also crossed to the BLIMP-1/GFP reporter strain (*Prdm1^gfp/+^*) to facilitate the identification of ASCs ([@bib23]).

B lymphopoiesis proceeded relatively normally in mice lacking either IRF8 and PU.1 or both. Flow cytometric analysis of the splenic B cell compartment revealed a twofold reduction in the proportion of follicular B cells in *Irf8*^−/−^PU.1cKO mice ([Table S1](http://www.jem.org/cgi/content/full/jem.20140425/DC1){#supp1}). Enumeration of the ASC compartment using the BLIMP-1/GFP reporter strain revealed a normal distribution of BLIMP-1/GFP^low^ plasmablasts and BLIMP-1/GFP^high^ plasma cells in the spleen of PU.1cKO mice. In contrast, *Irf8^−/−^* mice had generally increased ASC numbers, potentially through both B cell--intrinsic and --extrinsic mechanisms ([@bib22]). Strikingly, the proportion and number of BLIMP-1/GFP^low^ plasmablasts was further increased in the absence of both IRF8 and PU.1 (Table S1). The increased proportion of plasmablasts in resting mice suggests a higher production of ASC in the absence of IRF8/PU.1.

IRF8 and PU.1 negatively regulate ASC differentiation
-----------------------------------------------------

To rigorously examine the function of IRF8 and PU.1 in late B cell differentiation, we made use of quantitative assays for in vitro B cell differentiation ([@bib19]). Naive B cells were isolated from the lymph nodes by negative selection, labeled with cell division tracking dyes (CFSE or cell trace violet \[CTV\]), and cultured for up to 5 d in the presence of various combinations of CD40-ligand (CD40L), T cell--derived cytokines (IL-4 and IL-5), and/or LPS. The exclusive use of lymph node follicular B cells both avoids the complications arising from the alteration of splenic architecture in IRF8-deficient mice and excludes the possibility of marginal zone and B1 B cell contamination in the cultures. The resulting cultures were then assessed for proliferation, Ig CSR, and secretion, as well as the expression of ASC-associated proteins such as CD138 and BLIMP-1/GFP.

B cells from WT, single mutants, or IRF8/PU.1 double-deficient mice cultured in CD40L+IL-4 revealed similar proliferation characteristics as measured by CFSE dilution and total cell numbers ([Fig. 1 A](#fig1){ref-type="fig"} and not depicted). Strikingly, although CD40L+IL-4 was a relatively inefficient inducer of ASC from WT cultures, B cells lacking IRF8 and PU.1 formed CD138^+^ or BLIMP-1/GFP^+^ ASCs at a high frequency ([Fig. 1, A--D](#fig1){ref-type="fig"}). B cells singularly deficient in either factor generated an intermediate phenotype with a twofold increased proportion of ASCs ([Fig. 1, A--D](#fig1){ref-type="fig"}). Analysis of the propensity of B cells to differentiate into ASCs in relation to the number of cell divisions revealed that IRF8/PU.1-deficient B cells initiated the differentiation process at an earlier division and at a higher frequency with each subsequent division ([Fig. 1 C](#fig1){ref-type="fig"}). B cells singularly deficient in IRF8 and PU.1 again showed an intermediate phenotype. The increase in ASC generation was not strongly linked to the type or potency of differentiation-inducing stimuli provided in the cultures, as IRF8/PU.1-deficient B cells showed hyper-ASC differentiation under all conditions tested ([Fig. 1 D](#fig1){ref-type="fig"}).

![**Increased ASC differentiation in the absence of IRF8 and PU.1.** (A) Resting lymph node B cells from mice of the indicated genotypes were labeled with CFSE and cultured in the presence of CD40L+IL-4 for 4 d before flow cytometric analyses for CD138 and CFSE dilution. Numbers in boxes are the proportion of CD138^+^ ASCs. Data are representative of 7 experiments. (B) Quantitation of the numbers of ASCs in cells cultured as in A. Data are the mean ± SD from 7 identical experiments, except for PU.1cKO where *n* = 3. \*\*, P \< 0.01; \*\*\*, P \< 0.005 for the indicated comparisons using an unpaired Student's *t* test. (C) Graph showing the proportion of CD138^+^ cells present in each cell division peak at 4 d of the culture. Data are representative of 3 experiments. (D) Resting B cells from the lymph nodes of mice of the indicated genotypes and carrying the BLIMP-1/GFP reporter allele were cultured in the presence of CD40L+IL-4 ±IL-5 or LPS ±IL-4 for 4 d and examined for the expression of BLIMP-1/GFP. Numbers indicate the proportion of BLIMP-1/GFP^+^ ASC in each culture. Data are representative of at least 3 experiments for each genotype.](JEM_20140425_Fig1){#fig1}

To further demonstrate the B cell--intrinsic nature of the hyper-ASC differentiation phenotype, we generated mice that lack both IRF8 and PU.1 only in B cells (*Irf8*^fl/fl^*Spi1*^fl/fl^*Cd19*^cre/+^, termed IRF8/PU.1cKO). These mice displayed normal resting frequency of splenic follicular and marginal zone B cells, plasmablasts, and plasma cells, confirming that the altered, potentially proinflammatory environment in mice harboring a null allele of *Irf8* was required to elicit the increased plasmablast numbers seen in double knockout mice (Table S1). Most importantly, culture of mature resting B cells from the lymph nodes of these mice in either CD40L+IL-4 or LPS+IL-4 resulted in a dramatic increase in the frequency of CD138^+^ and BLIMP-1/GFP^+^ ASCs at days 3 and 4 after stimulation, without any impact on the cell division rate or the number of viable cells ([Fig. 2, A--C](#fig2){ref-type="fig"}). Collectively these results demonstrate that IRF8 and PU.1 act together to repress ASC differentiation in a B cell--intrinsic manner.

![**The increased ASC differentiation in the absence of IRF8 and PU.1 is B cell intrinsic.** (A) Resting lymph node B cells from mice of the indicated genotypes and carrying the BLIMP-1/GFP reporter allele were labeled with CTV and cultured in the presence of CD40L+IL-4 or LPS+IL-4 for 4 d before flow cytometric analyses for CD138, BLIMP-1/GFP, and CTV dilution. Numbers in boxes are the proportion of CD138^+^ or BLIMP-1/GFP^+^ ASCs. Data are representative of 3 experiments. (B) Quantitation of the numbers of ASC cells cultured as in A for 2, 3, and 4 d. Data are the mean ± SD from 3 identical experiments. \*, P \< 0.05; \*\*, P \< 0.01 for the indicated comparisons using an unpaired Student's *t* test. (C) Quantitation of the numbers of viable cells cultured as in A for 2, 3, and 4 d. Data are the mean ± SD from 3 identical experiments.](JEM_20140425_Fig2){#fig2}

IRF8 and PU.1 repress immunoglobulin CSR
----------------------------------------

Activated B cells also undergo Ig CSR, a process which is completely shut off in ASC due to BLIMP-1--dependent repression of *Aicda* ([@bib48]). The cellular decisions to undergo CSR or to differentiate into ASCs are considered to be independently regulated events ([@bib19]; [@bib12]). B cells cultured in CD40L+IL-4 typically show pronounced CSR to IgG1 and a lower rate of switching to IgE. IRF8/PU.1-deficient B cells showed hyper-CSR to IgG1 ([Fig. 3 A](#fig3){ref-type="fig"}) and IgE ([Fig. 3 B](#fig3){ref-type="fig"}). Interestingly, the increased CSR did not result from altered accessibility of the *Igh* loci, as the *Iγ1* and *Iε* sterile transcripts were normally induced by CD40L and IL-4 in the absence of IRF8 and PU.1 ([Fig. 3 C](#fig3){ref-type="fig"}). The hyper-CSR was not restricted to CD40L+IL-4 stimulation, as cells cultured in LPS+IL-4 or LPS+IFN-γ also produced markedly more IgG1 or IgG2c, respectively ([Fig. 3, A and B](#fig3){ref-type="fig"}; and not depicted). To assess whether this hyper-CSR also occurs in vivo, we immunized IRF8/PU.1cKO mice with the T cell--dependent antigens Ovalbumin ([Fig. 3 D](#fig3){ref-type="fig"}) and 4(hydroxy-3-nitrophenyl) acetyl (NP)--KLH ([Fig. 3 E](#fig3){ref-type="fig"}) and measured serum antibody titers. Although the canonical IgG1 response of the double-deficient B cells was equivalent to WT controls (not depicted), the level of IgE was markedly increased at each time point analyzed for both antigens ([Fig. 3, D and E](#fig3){ref-type="fig"}). Together, these data show that despite the very high rate of ASC differentiation that was expected to truncate the developmental window available for CSR ([@bib37]), IRF8/PU.1-deficient cells displayed a pronounced increase in their propensity to undergo CSR.

![**Increased immunoglobulin isotype switching in the absence of IRF8 and PU.1.** (A) Resting lymph node B cells from mice of the indicated genotypes were cultured in the presence of CD40L+IL-4 or LPS+IL-4 for 2, 3, or 4 d, fixed and permeabilized, and examined for the expression of IgG1. Numbers in boxes are the proportion of IgG1^+^ cells at day 3. Data in graphs are the mean ± SD of 3 experiments. \*, P \< 0.05 for the indicated comparisons using an unpaired Student's *t* test. (B) Resting lymph node B cells from mice of the indicated genotypes were cultured in the presence of CD40L+IL-4 for 4 d, fixed and permeabilized, and examined for the expression of IgE. Data are the mean ± SD of 2 (PU.1cKO) and 5 (all other genotypes) experiments and are normalized to 1 for the WT sample. \*, P \< 0.05; \*\*, P \< 0.01 for the indicated comparisons using an unpaired Student's *t* test. (C) Resting B cells from WT (+/+) or *Irf8^−/−^*PU.1cKO mice were either lysed immediately (d0) or cultured in the presence of CD40L+IL-4 for 48 h (d2). RNA was extracted from all samples and subjected to whole transcriptome RNA-Seq analysis. Data are the mean reads per kilobase per million (RPKM) for the *Iε* and *Iγ1* sterile transcripts, from two independent experiments. n.s., not significant P \> 0.05. (D and E) Serum IgE (ng/ml) from mice of the indicated genotypes, either non-immunized (d0) or immunized with Ovalbumin in alum (d25; D) or NP-KLH in alum (E; d7, 14, and 28). Data are the mean ± SEM of 5--6 samples (D) or 3--5 samples (E) per genotype and time point. \*, P \< 0.05 for the indicated comparisons using an unpaired Student's *t* test.](JEM_20140425_Fig3){#fig3}

Expression of IRF4, IRF8, and PU.1 during B cell differentiation
----------------------------------------------------------------

The potent role of IRF8 and PU.1 in suppressing CSR and ASC differentiation contrasts with the requirement for IRF4 for both functions ([@bib45]). Therefore, we determined the expression pattern of these regulators in late B cell differentiation in vitro and in vivo. PU.1 concentration is relatively low in all B cell subsets and is further down-regulated, but not completely silenced, in ASCs ([Fig. 4, A--C](#fig4){ref-type="fig"}). The related ETS family member SpiB is also expressed in mature B cells and GC B cells before being strongly down-regulated in ASCs ([Fig. 4 B](#fig4){ref-type="fig"}). IRF8 is constitutively expressed in all B cells but is further induced in activated and GC B cells ([Fig. 4, A--C](#fig4){ref-type="fig"}; and not depicted). IRF8 is then rapidly silenced in ASCs. This expression pattern is further supported by the analysis of knock-in mice harboring eGFP fused to the C terminus of the IRF8 protein ([@bib64]), where the loss of IRF8 expression in the late divisions of cells cultured in CD40L+IL-4+IL-5 corresponded temporally to the induction of BLIMP-1/GFP expression ([Fig. 4 C](#fig4){ref-type="fig"}). As has previously been reported, IRF4 had the reciprocal expression pattern to IRF8, being weakly expressed on a protein level in naive cells, induced to an intermediate concentration in activated cells, and very highly expressed in ASCs ([@bib45]; [@bib40]; [@bib65];[Fig. 4, A and B](#fig4){ref-type="fig"}). Collectively the expression profiles of IRF4, IRF8, and PU.1 are fully compatible with the cellular data presented above that suggests these proteins have opposing roles during the early activation events that lead to the terminal differentiation of B cells.

![**Expression of IRF8, IRF4, and PU.1 during late B cell differentiation.** (A) Resting lymph node B cells from *Prdm1^gfp/+^* mice were either lysed immediately or cultured in the presence of CD40L+IL-4+IL-5 for 4 d. At day 4, cells were sorted into activated (CD138^−^BLIMP-1/GFP^−^) B cells, CD138^−^BLIMP-1/GFP^+^, or CD138^+^BLIMP-1/GFP^+^ ASC compartments and subjected to Western blotting for the indicated proteins. Actin serves as a control for protein loading. Positions of molecular mass markers are shown on the left. (B) Heat map of the expression of key transcription factors in the indicated populations. Data were derived by whole transcriptome RNA-Seq analysis. PerC B1 (peritoneal B1 cells, B220^low^CD23^−^Mac1^+^), PerC B2 (conventional B2 cells in peritoneal cavity, B220^+^CD23^+^Mac1^−^), Fo B (follicular B cells, small size, B220^+^CD23^+^), GC (GC B cells, B220^+^Fas^+^PNA^+^), Spl ASC (spleen CD138^+^BLIMP-1/GFP^+^ ASC), and BM ASC (BM CD138^+^BLIMP-1/GFP^+^ ASC). Data are the mean of two experiments. (C) Expression of BLIMP-1/GFP (*Prdm1^gfp/+^*), PU.1/GFP (*Spi1^gfp/gfp^*), and IRF8/GFP (*Irf8^gfp/gfp^*) alleles during ASC differentiation. Resting splenic B cells were labeled with CTV and cultured as in A for 4 d. Data in A and C are representative of 3 experiments.](JEM_20140425_Fig4){#fig4}

Maintenance of the B cell program by IRF8 and PU.1
--------------------------------------------------

For a global perspective of IRF8 and PU.1 function in late B cell differentiation, we performed RNA sequencing analyses using RNA derived from either WT or IRF8/PU.1-deficient B cells, either naive or activated in the presence of CD40L+IL-4 for 2 d. These data demonstrated that 1,053 annotated gene transcripts were differentially expressed between naive WT and IRF8/PU.1-deficient B cells (\>2-fold expression change, 1% false discovery rate, 411 genes decreased and 642 increased in IRF8/PU.1-deficient B cells). This analysis did reveal that a selection of genes associated with pre--B cells, such as *Il7r* and *Rag1/2*, were weakly up-regulated in the absence of IRF8/PU.1, probably reflecting the mildly impaired maturation or more rapid turnover of the double-deficient B cells ([Fig. 5 C](#fig5){ref-type="fig"} and [Table S2](http://www.jem.org/cgi/content/full/jem.20140425/DC1){#supp2}). More importantly, there was no differential expression between naive control and mutant cells in the expression of a suite of activation and differentiation markers including *Aicda*, *Prdm1*, *Nfil3*, and *Xbp1*, demonstrating that the vast majority of IRF8/PU.1-deficient cells were indeed naive in phenotype ([Fig. 5](#fig5){ref-type="fig"} and Table S2). IRF8/PU.1-dependent genes in naive B cells included known PU.1 targets such as *Tlr9* ([@bib44]) and *Fcer2a* (encoding CD23; [@bib9]), as well as several novel targets including *Zbtb7b* (*ThPok*), *Socs3*, *Il6ra*, *Jmjd3*, and three members of the anti-apoptotic A1 gene cluster *Bcl2a1a*,*b*,*d* (Table S2). IRF8/PU.1-deficient naive B cells expressed normal amounts of a suite of transcription factors implicated in late B cell differentiation, including *Irf4*, *Bach2*, *Spib*, and *Ets2* but, strikingly, displayed reduced expression of *Bcl6*, *Pax5*, and *Mef2c*, factors that are required to maintain the B cell program ([Fig. 5, A--C](#fig5){ref-type="fig"}; and Table S2). The dependence of *Bcl6*, *Pax5*, and *Mef2c* on IRF8/PU.1 was independently confirmed by real-time PCR ([Fig. 5 D](#fig5){ref-type="fig"} and not depicted).

![**Maintenance of the B cell program by IRF8 and PU.1.** (A) Resting B cells from WT (+/+) or *Irf8^−/−^*PU.1cKO mice were either lysed immediately or cultured in the presence of CD40L+IL-4 for 48 h. RNA was extracted from all samples and subjected to whole transcriptome RNA-Seq analysis. The read coverage for representative genes is shown mapped to the exon--intron structure. Numbers indicate the mean normalized read counts for each sample (set to 1.0 for naive +/+ cells) from two independent experiments for each condition. Arrows indicate the direction of transcription. (B) Gene expression comparison between resting (top) and activated (bottom) +/+ and DKO B cells. Differentially expressed genes are shown in green, with some key genes highlighted. A cutoff of twofold differential regulation and 1% false discovery rate has been applied. (C) Heat map showing normalized expression (Log~2~) of selected genes found to be differentially regulated between +/+ resting versus activated or between +/+ and DKO B cells. A cutoff of twofold differential regulation and 1% false discovery rate has been applied. Data in A--C are the mean normalized expression derived from two independent experiments for each condition. (D) Quantitative RT-PCR analysis of *Bcl6* transcripts in resting B cells from the indicated mice cultured in the presence of CD40L+IL-4 for 0, 1, or 2 d. Results are presented relative to the expression of *Hmbs* and are the mean ± SEM of triplicate measurements. Data are representative of 3 independent experiments. \*\*\*, P \< 0.001 for the indicated comparisons using an unpaired Student's *t* test.](JEM_20140425_Fig5){#fig5}

B cell activation resulted in considerable change in the WT transcriptome, with heightened expression of 1,590 genes and reduced expression of 1,177 (\>2-fold expression change, 1% false discovery rate). Genes encoding components of the B cell program, such as *Pax5*, *Bcl6*, and *Spib*, were significantly down-regulated ([Fig. 5, A--C](#fig5){ref-type="fig"}; Table S2; and not depicted). Other genes showed a striking increase in expression in the absence of PU.1/IRF8. Genes in this category included *Aicda*, providing a likely explanation for the increased CSR observed in the IRF8/PU.1-deficient B cells ([Fig. 6, A and B](#fig6){ref-type="fig"}), as well as *Emb* and *Cd28*, Pax5-repressed genes which are up-regulated in ASCs ([@bib10]). A prominent gene in this category was *Prdm1*, whose premature expression provides one mechanism whereby the plasma cell fate is enhanced in the absence of IRF8/PU.1 ([Fig. 5, A and B](#fig5){ref-type="fig"}).

![**Direct regulation of the B cell differentiation program by IRF8 and PU.1.** (A) ChIP assay of PU.1 and IRF8 binding to the regulatory regions of *Pax5*, *Mef2c*, *Igκ*, *Bcl6*, and *Prdm1*. Resting B cells from either WT (+/+) or *Irf8*^−/−^PU.1cKO mice were cultured in the presence of either CD40L+IL-4 for 2 d before being fixed and subjected to ChIP using either an anti-PU.1 or anti-IRF8 antibody. Negative control ChIP lacked the specific antibody, whereas *Irf8*^−/−^PU.1cKO B cells served as an additional control. ChIP products were amplified by real-time PCR using primers that span the putative IRF8 and PU.1 binding sites using primers described in [Table S4](http://www.jem.org/cgi/content/full/jem.20140425/DC1){#supp3}. Numbers indicate the mean fold enrichment from +/+ material over the binding in *Irf8*^−/−^PU.1cKO B cells after subtraction of no antibody control ± SD from 3--4 experiments. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.005 for the indicated sample compared with binding in *Irf8*^−/−^PU.1cKO B cells, using an unpaired Student's *t* test. (B) Cooperative activation of the *Bcl6* promoter by IRF8 and PU.1. A plasmid containing the *Bcl6* promoter linked to firefly luciferase were transiently transfected into 293T cells along with the indicated concentrations (ng) of expression plasmids encoding IRF8 and PU.1. Results are expressed as the mean relative luminescent units (RLU) ± SEM from 4 independent experiments. \*, P \< 0.05 for the indicated sample compared with empty vector alone, using an unpaired Student's *t* test. n.s., not significant P \> 0.05. (C) Enhanced formation of ASC in the absence of BCL6. Radiation chimeras were generated with WT, *Bcl6^+/−^*, or *Bcl6^−/−^* fetal liver cells and analyzed after \>8 wk. Resting lymph node B cells from the indicated chimeras were labeled with CTV and cultured in the presence of CD40L+IL-4 ±IL-5 for 4 d and analyzed for CD138 expression. Number in boxes denotes the proportion of CD138^+^ ASC in each culture. Data are representative of 4 experiments. (D) Quantitation of the mean of CD138^+^ ASC generated in CD40L+IL-4 from cultures described in C. Data are the mean ± SD from 4 independent experiments. \*, P \< 0.05 for the indicated comparisons using an unpaired Student's *t* test. (E) Resting lymph node B cells from WT C57BL/6 mice were either lysed immediately (d0) or cultured in the presence of either CD40L+IL-4 for 1, 2, or 3 d. Samples were subjected to Western blotting for Bcl6. Actin serves as a control for protein loading. Positions of molecular mass markers are shown on the left. Data are representative of 2 experiments.](JEM_20140425_Fig6){#fig6}

IRF8 and PU.1 together bind to key genes that regulate B cell identity and plasma cell differentiation
------------------------------------------------------------------------------------------------------

The clear differential expression of several key regulators of ASC differentiation in double-deficient B cells raised the possibility that the IRF8--PU.1 complex directly regulates these genes. To examine this possibility, we performed chromatin immunoprecipitation (ChIP) with antibodies specific for IRF8 or PU.1 on WT B cells activated in the presence of CD40L+IL-4 for 48 h. In keeping with previously published data that derived from transformed cell lines and early B cell progenitors, PU.1 bound to regions of the enhancers of *Igκ* and *Pax5* and the promoter of *Mef2c*, which harbor consensus ETS-IRF sites ([@bib42]; [@bib7]; [@bib54]; [Fig. 6 A](#fig6){ref-type="fig"}). Importantly, IRF8 also bound to the same region of all these potential target genes. These results support earlier ChIP-chip analyses demonstrating extensive coincidence of IRF8 and PU.1 binding in GC-derived B cell lymphomas in humans and mice ([@bib52]).

Both IRF4 and IRF8 have been reported to bind to the promoter of *BCL6* in human and mouse B cells, respectively ([@bib29]; [@bib43]), whereas IRF4 was recently reported to activate mouse *Bcl6* through binding to an upstream enhancer ([@bib40]). We analyzed the published PU.1 ChIPseq data from myeloid cells ([@bib16]; [@bib20]) and found PU.1 peaks in macrophages 15,758 bp upstream of the mouse *Bcl6* gene. Examination of the sequences defined by the major peak revealed an ETS-IRF composite site (GAAAAGCGGAA). Importantly, ChIP analysis confirmed that both IRF8 and PU.1 bound to *Bcl6* locus in activated B cells ([Fig. 6 A](#fig6){ref-type="fig"}). Although IRF4 has previously been reported to repress the *Bcl6* promoter ([@bib43]), luciferase assays using the same *Bcl6* promoter reporter constructs showed a concentration-dependent activation of the same *Bcl6* regulatory elements by IRF8 and PU.1, thus demonstrating that the IRF8--PU.1 complex can act in a reciprocal manner to IRF4 ([Fig. 6 B](#fig6){ref-type="fig"}).

BCL6 is known to be involved in modulating late B cell differentiation by repression of *Prdm1* ([@bib47]) and is expressed in the early time points of the CD40L+IL-4 cultures ([Fig. 6 E](#fig6){ref-type="fig"}). To assess the functional relevance of the reduced BCL6 expression to the production of ASC in our system, we generated fetal liver chimeras that carried hematopoietic cells that were WT, heterozygous, or null for *Bcl6*. Stimulation of naive B cells with CD40L+IL-4 ±IL-5 resulted in an approximately twofold increase in the generation of CD138^+^ ASCs in the absence of Bcl6, whereas *Bcl6^+/−^* cells showed a nonsignificant trend toward increased ASC numbers ([Fig. 6, C and D](#fig6){ref-type="fig"}). These data demonstrated that reduced expression of BCL6, while contributing to the IRF8/PU.1-deficient phenotype, was not sufficient to explain the increased propensity of mutant B cells to undergo ASC differentiation. Because *Pax5* expression was also reduced by 50% in IRF8/PU.1-deficient cells ([Fig. 5 A](#fig5){ref-type="fig"}), we generated *Bcl6^−/−^* chimeras that also lacked one copy of *Pax5*. No further increase in the generation of ASCs beyond that associated with a deficiency in BCL6 alone was observed, indicating that loss of BCL6 and reduction of PAX5 are not the only changes enhancing differentiation of IRF8/PU.1-deficient B cells (unpublished data).

IRF4 has also been reported to bind to multiple target sites in the *Prdm1* locus, including an IL-21--responsive element downstream of the coding region ([@bib45]; [@bib28]). ChIP analysis revealed that IRF8 and PU.1 bound to both a conserved composite site in the *Prdm1* promoter and in the 3′ regulatory element ([Fig. 6 A](#fig6){ref-type="fig"}). Collectively, the gene expression profiling and ChIP analyses suggest that both IRF8 and PU.1 can bind to the regulatory regions of genes that encode both activators and inhibitors of ASC generation, suggesting a model where the IRF8--PU.1 complex coordinates the differentiation process by regulating the gateway between the B cell and ASC programs.

Recently, ChIPseq analysis has been used to determine the binding sites for PU.1 in B cell cultures activated for 1 or 3 d in LPS+IL-4 ([@bib40]). A stringent reanalysis of this data revealed that of the 1,053 differentially expressed genes between WT and IRF8/PU.1-deficient B cells at day 0, 198 genes (18.8%) had PU.1 binding sites in the region between −2 and + 1 kb from the transcriptional start site ([@bib40]), suggesting that a significant proportion of the identified differentially expressed genes are directly regulated by PU.1.

IRF8 and IRF4 bind the similar DNA sequences during ASC differentiation
-----------------------------------------------------------------------

The current understanding is that IRF4 and IRF8 can both bind to identical recognition sequences and interact equivalently with PU.1 ([@bib26]). Based on the mirror-image phenotypes observed when IRF8/PU.1 or IRF4 are inactivated in B cells, we considered the possibility that IRF4 and IRF8 compete for binding to critical target sequences in activated B cells, which co-express all three factors, and regulate these genes in a reciprocal manner. A prediction from such a model is that in the absence of the relatively high concentration of IRF8 and PU.1 normally found in activated B cells, IRF4, which at this point is expressed at an intermediate level, would be unrestrained in the IRF8/PU.1 mutants and could bind prematurely to targets resulting in a different transcriptional outcome to that normally observed. To directly test this model, we used ChIP to examine the binding of IRF4 in IRF8/PU.1-deficient B cell cultured in CD40L+IL-4 at a time point before the appearance of BLIMP-1/GFP^+^ ASCs. In keeping with the prediction of our competition model, we found that IRF4 binding was increased in the mutant at the sites in *Bcl6* and *Prdm1* that we previously showed bound PU.1 and IRF8 in WT cell ([Fig. 7 A](#fig7){ref-type="fig"}).

![**Competition between IRF family members controls ASC differentiation.** (A) ChIP assay of IRF4 binding to the regulatory regions of *Bcl6* and the *Prdm1* promoter and 3′ enhancer. Resting B cells from WT (+/+) or *Irf8*^−/−^PU.1cKO mice were cultured in the presence of CD40L+IL-4 for 2d before being fixed and subjected to ChIP using an anti-IRF4 antibody. ChIP products were amplified by real time PCR using primers that span the IRF4 binding sites. Data are the fold enrichment over *Irf4^−/−^* B cells for the +/+ and *Irf8*^−/−^PU.1cKO genotypes. Individual data points are indicated by dots and paired experiments are joined by a line. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.005 compare the fold enrichment from the +/+ and *Irf8*^−/−^PU.1cKO genotypes using a paired Student's *t* test. (B) Enforced overexpression of IRF8 or PU.1 impairs ASC differentiation. Resting B cells from either WT or *Prdm1^gfp/+^* mice were transduced with retroviruses expressing IRF8 (and GFP), PU.1 (and truncated human CD4), or empty vector controls. After 5 d in CD40L+IL-4+IL-5, transduced cells (gated on either GFP or human CD4) were assessed for CD138 (IRF8) or CD138 and BLIMP-1/GFP (PU.1). Plots show representative of 4 (PU.1) and 7 (IRF8) experiments. Numbers are the frequency of ASCs in the boxed area. (C) Quantitation of the relative number of CD138^+^ ASCs generated in CD40L+IL-4 from cultures described in B. Data are the mean proportion of ASCs ± SEM compared with vector only controls (set to 100%) from 4 (PU.1) and 7 (IRF8) independent experiments. \*\*\*, P \< 0.005 compares the indicated sample to vector only controls using an unpaired Student's *t* test.](JEM_20140425_Fig7){#fig7}

A second prediction from the competition model is that increasing the concentration (or preventing the down-regulation) of IRF8 and/or PU.1 would impede ASC differentiation. To test this prediction, WT or BLIMP-1/GFP reporter B cells were activated with CD40L+IL-4+IL-5 for 1 d and transduced with a retrovirus that drives the expression of bicistronic mRNA producing either PU.1 and a truncated human CD4 reporter or IRF8 and GFP. 4 d later, the cells were examined for the frequencies of transduction and the proportion of cells that had undergone ASC differentiation. Increasing PU.1 expression resulted in a dramatic reduction in the frequency of BLIMP-1/GFP^+^ ASCs, whereas overexpressing IRF8, which is already highly expressed in activated B cells ([Fig. 4 C](#fig4){ref-type="fig"}), resulted in a more modest but statistically significant decrease in ASC numbers ([Fig. 7, B and C](#fig7){ref-type="fig"}). In keeping with their identical DNA binding specificity, overexpression of SpiB also blocked ASC differentiation (unpublished data). Together with the published literature ([@bib45], [@bib46]) and our own unpublished observations that IRF4 is a dose-dependent activator of ASC generation, these data provide further support for the concept that IRF8 and PU.1 act as antagonists of IRF4 in regulating the transcriptional program of late B cell differentiation.

DISCUSSION
==========

The differentiation of mature B cells into antibody-secreting plasma cells is both essential for a productive humoral immune response and a leading model system to study the terminal differentiation process. The utility of this system for understanding terminal differentiation is highlighted by the stark functional and transcriptional differences that distinguish B cells and ASCs. B cells express cell surface Ig, have high proliferative capacity, and differentiate into both ASCs and memory cells. In contrast, ASCs down-regulate the expression of many B cell genes, including cell surface receptors and lineage-defining transcription factors, retain limited or no proliferative capacity, and secrete huge amounts of antibody. In the current study, we show that the rate of differentiation of activated B cells into ASC is regulated by interactions between the Ets family transcription factor PU.1 and the IRF family member IRF8.

IRF8 and PU.1 are required for multiple aspects of hematopoiesis, including early granulocyte, macrophage, early lymphocyte, and DC differentiation ([@bib33]; [@bib63]; [@bib62]; [@bib3]; [@bib1]). There is also evidence of cooperative DNA binding of these two factors in lymphoid and myeloid cells ([@bib52]; [@bib40]). Despite this biochemical data, the approach presented here provides the first genetic evidence that the IRF8--PU.1 complex plays a specific role in hematopoiesis beyond that played by each factor individually. Conditional deletion of IRF8 and PU.1 in B cells resulted in a modest increase in splenic B cells in the case of IRF8 ([@bib15]) and essentially normal humoral responses in the case of PU.1 ([@bib41]). In this study, we observed no change in peripheral B cell numbers or maturation after the removal of both IRF8 and PU.1 specifically from B cells, demonstrating that differentiation up to the mature B cell stage proceeds independently of these factors. IRF4-deficient mice also display relatively normal B cell development, but importantly, IRF4 is essential for GC B cells and ASCs ([@bib27]; [@bib45]; [@bib40]; [@bib65]).

Despite relatively normal development observed in the absence of any individual factor, this group of genes has important functions in BM pre--B cell development that are masked by a complex set of redundancies. This view is based on the observation that mice doubly deficient for IRF4/IRF8 ([@bib33]), PU.1/SpiB ([@bib53]), and PU.1/IRF4 (unpublished data) all show a profound developmental block at the pre--B cell stage. In contrast to the redundant roles of these factors in BM development, the current study showed that IRF8/PU.1-deficient B cells have markedly heightened CSR and ASC differentiation, demonstrating that these factors normally act to restrict B cell terminal differentiation. Heightened ASC differentiation may also help to explain the strong association between single nucleotide polymorphisms in IRF8, and to a lesser degree PU.1, with autoimmune diseases such as lupus erythematosus ([@bib5]; [@bib21]), systemic sclerosis ([@bib18]), and multiple sclerosis ([@bib6]).

The first descriptions of the genetic network controlling B cell terminal differentiation were made by the Calame and Staudt laboratories ([@bib47], [@bib48], [@bib49]; [@bib50]). These models were built on the finding that transcriptional repression reinforces mutually exclusive expression programs in B cells and ASCs. In this model, B cell factors, such as BCL6, PAX5, and BACH2, directly repress the expression of the ASC regulators BLIMP-1, XBP1, and IRF4, respectively. BLIMP-1 in turn represses the expression of BCL6 and PAX5. The finding that IRF4 is critical for ASC differentiation by both repressing BCL6 and activating BLIMP-1 expression has provided strong support for this concept ([@bib45]; [@bib43]). The model does, however, have some limitations. First, it is not apparent how plasma cell differentiation is initiated, as we previously showed that neither BLIMP-1 ([@bib24]) nor XBP1 ([@bib55]) is essential for this process, and we show here that loss of BCL6 resulted in only a twofold increase in ASC numbers. In contrast, we have previously shown that inhibition of PAX5 function is a key step in initiating plasma cell differentiation, although the molecular mechanism underlying this inhibition is currently unknown ([@bib24]). A second limitation of the model is that it does not readily explain the probabilistic and cell division--linked nature of the differentiation process ([@bib19]). IRF8 and PU.1 represent excellent candidate regulators of the division-linked differentiation process, as they function to prevent premature plasma cell differentiation to allow sufficient clonal expansion of activated B cells and CSR. Further support for this concept comes from our finding that both PU.1 and, more strikingly, IRF8 and SpiB are down-regulated precisely at the point of ASC commitment. In contrast to ASC differentiation, we have no evidence that the increased CSR and *Aicda* expression we observed in the absence of IRF8 and PU.1 is direct, and as IRF4 is a known activator of *Aicda* ([@bib45]), we propose that this aspect of the phenotype may reflect unrestrained IRF4 activity without IRF8/PU.1.

The expression of IRF4 was unaltered in IRF8/PU.1-deficient B cells, suggesting that it is not a critical target of this complex. IRF4 and IRF8 are closely related and both factors recognize the same DNA sequence, a finding which has led many researchers to conclude that both factors are likely to function in a redundant manner to regulate expression of the same target genes ([@bib33]). However, the contrasting patterns of IRF8 and IRF4 expression and function suggest a more antagonistic model in which these factors bind to the same regulatory regions of critical target genes, resulting in opposite transcriptional outcomes. Specifically, we propose that the IRF8--PU.1 complex is more highly expressed in B cells and predominates at ETS-IRF composite sites, whereas IRF4 expression remains relatively low. Upon B cell activation, IRF4 expression increases, allowing a period of coexpression of all three factors that ultimately results in decreased IRF8 and PU.1, allowing the IRF4-driven ASC differentiation to proceed. Due to the lack of high quality ChIP antibodies, our model at present does not incorporate SpiB, the ETS family member most related to PU.1, whose expression pattern is very similar to IRF8, being expressed in naive, activated, and GC B cells before being silenced in ASCs ([Fig. 5 B](#fig5){ref-type="fig"}). *Spib* expression was unaltered in the absence of IRF8 and PU.1, suggesting that the enhanced ASC differentiation seen in the double-deficient mice occurred in the presence of SpiB. Although redundancy of SpiB with PU.1 and/or differential interaction with IRF proteins remain distinct possibilities, particularly in the GC where SpiB is abundantly expressed, new reagents and mouse models will be required to assess the exact role of SpiB in B cell terminal differentiation.

We have tested two key predictions of our model of B cell terminal differentiation. First, we showed that in the absence of IRF8/PU.1, IRF4 has greater access to shared target genes and thus can promote the ASC fate. Second, we showed that enforced expression of PU.1, and to a lesser extent IRF8, blocks ASC differentiation. This latter finding is in agreement with studies showing that PU.1 expression is under microRNA control in B cells and that increased PU.1 impairs CSR ([@bib61]) and terminal differentiation ([@bib34]). It remains to be determined whether the reciprocal functions of IRF4 and IRF8 described here also occur elsewhere in the immune system where IRF proteins play a role, often with alternative partners such as members of the BATF family ([@bib4]; [@bib17]; [@bib30]; [@bib59]).

MATERIALS AND METHODS
=====================

### Mice.

*Spi1^fl-gfp^* (the floxed allele that also contains GFP knock-in into the 3′ untranslated region) and *Spi1^fl/fl^Cd19^Cre^* (PU.1cKO) were generated by our group previously ([@bib38]; [@bib41]). *Irf8^−/−^* ([@bib22]), *Irf8^fl/fl^* (IRF8cKO; [@bib15]), *Prdm1^gfp/+^* ([@bib23]), *Bcl6^−/−^* ([@bib11]), *Pax5^−/−^* ([@bib60]), and *Irf4^−/−^* ([@bib36]) mouse strains have been previously reported. *Irf8^gfp/gfp^* mice have eGFP fused to the C terminus of the endogenous IRF8 ([@bib64]). To overcome the lethality of BCL6-deficient mice, fetal liver transplants were performed as follows: E14 embryos from inter-crossed *Bcl6^+/−^* (C57BL/6 Ly5.2) mice were genotyped and fetal liver chimeras generated in *Rag1^−/−^* (C57BL/6 Ly5.1) recipients and analyzed after \>8 wk as described. All mice were in a C57BL/6 genetic background. Animal experiments were conducted according to the protocols approved by the Walter and Eliza Hall Institute animal ethics committee.

### Flow cytometry and ELISA.

mAb against mouse B220 (RA3-6B2), CD19 (1D3), IgM (331.12), IgD (1126C), CD21 (7G6), CD23 (B3B4), MacI (M1/70), and human CD4 (OKT4) were purified from hybridoma supernatant and conjugated in the authors' laboratory. Anti-CD138 (281--2) and Fas (JO2) were obtained from BD and peanut agglutinin (PNA) from Vector Laboratories. Cells were analyzed on LSRII or FACSCanto flow cytometers and cell sorting was performed using FACSDiVa or Aria flow cytometers (BD). For intracellular transcription factor and Ig determination, cells were fixed in paraformaldehyde as previously described ([@bib19]) and stained with anti--mouse IgG1 (A85.1) and IgE (23G3; BD). Serum and supernatant Ig amounts were measured using ELISA as described previously ([@bib19]).

### Cell culture.

Naive lymph node B cells were purified by negative selection using the B cell Isolation kit (Miltenyi Biotec) and cultured as previously described ([@bib19]). Cultures were seeded at 10^5^/ml with optimal concentrations of recombinant CD40L (1:200, from Sf21 cells \[[@bib19]\] or 100 ng/ml from R&D Systems), IL-4 (10 ng/ml; R&D Systems), and IL-5 (2-5 ng/ml; R&D Systems). 4 × 10^5^ cells/ml were used for 20 µg/ml LPS ± IL-4 stimulation. For cell division, tracking cells were labeled with CFSE or CTV (Molecular Probes).

### Immunization.

Mice were immunized with NP-KLH as previously described ([@bib65]). Ovalbumin immunizations used 20 µg Ovalbumin plus 2.25 mg Aluminum hydroxide (Alum) on days 1 and 14. 1 wk after the second injection, mice then received an aerosol challenge containing Ovalbumin for ∼15 min/d on days 21--24 and blood was taken at day 25.

### Western blotting.

The monoclonal antibodies against Bcl6 (7D1), IRF4 (3E4; [@bib25]), and BLIMP-1 (6D3 or 5E7; [@bib23]) were previously described. Polyclonal antibodies against IRF8 (sc-6058), PU.1 (T-21), and β-actin (sc-2030) were from Santa Cruz Biotechnology, Inc. Protein extracts corresponding to equal cell numbers were loaded onto the gel subjected to Western blotting using standard techniques.

### RT-PCR analysis.

Naive or cultured B cells were sorted and total RNA was prepared with the RNeasy kit (QIAGEN). cDNA was synthesized from total RNA with random hexamers and SuperScript III reverse transcription (Invitrogen). Real-time PCR was performed using GoTaq qPCR SYBR Green Master Mix (Promega). Analyses were done in triplicate and mean normalized expression was calculated with the Q-Gene application with *Hmbs* as the reference gene. Primer sequences are supplied in [Table S3](http://www.jem.org/cgi/content/full/jem.20140425/DC1){#supp4}.

### Whole transcriptome analysis.

RNA was isolated from either naive or activated (48 h in CD40L+IL-4) B cells, or from flow cytometrically sorted B cell and ASC populations from the *Prdm1^gfp/+^* mice using the RNeasy kit (QIAGEN). Sorted populations were peritoneal B1 cells (B220^low^CD23^−^Mac1^+^), conventional B2 cells in peritoneal cavity (B220^+^CD23^+^Mac1^−^), follicular B cells (small size, B220^+^CD23^+^), GC B cells (B220^+^Fas^+^PNA^+^), spleen ASCs (CD138^+^BLIMP-1/GFP^+^), and BM ASCs (CD138^+^BLIMP-1/GFP^+^).

Two biological replicates were generated and sequenced for each sample. For all samples, 5 µg RNA was subjected to transcriptome resequencing using 90--100 bp paired-end sequencing on a HiSeq2000 (Illumina) at the Beijing Genomics Institute (Shenzhen, China) or the Australian Genome Research Facility (Melbourne, Australia). Between 12 and 190 million reads were analyzed per sample. Each sample's read set was aligned to the NCBI37/mm9 build of the *Mus musculus* genome using the Subread (v1.3.0) and TopHat (v1.0.14) aligners with default parameters ([@bib57]; [@bib31]). A raw expression measure for each gene in each sample was calculated by summing the read counts across all annotated RefSeq exons using featureCounts program ([@bib32]). Read sequenced from Ig genes accounted for ∼70% of all mapped reads in ASC samples. These reads were removed from the analysis to allow normalization with all other samples. The gene level raw expression measures were then analyzed using limma or edgeR. Differential expression was assessed using the classic exact test in edgeR ([@bib35]), or using empirical Bayes moderated *t* test for *voom* normalized data in limma. Multiple testing was controlled using the Benjamini and Hochberg approach.

### ChIP.

For ChIP analysis naive B cells were cultured with CD40L and IL-4 for 2 d. ChIP was performed on 5 × 10^7^ B cells with 10 µg antibodies against PU.1 (T-21), IRF8, or IRF4 (all from Santa Cruz Biotechnology, Inc.), as previously described ([@bib2]). To measure enrichment, quantitative PCR was performed with primers listed in [Table S4](http://www.jem.org/cgi/content/full/jem.20140425/DC1){#supp5}. Samples processed in the absence of the primary antibody and B cells deficient for the target transcription factor in the presence of the primary antibody served as negative controls. Standard curves were generated from serial dilutions of whole cell extract DNA. Reactions were performed in triplicate with SYBR green PCR master mix (Invitrogen) on an ABI 7900HT machine.

### Luciferase assays.

HeLa cells were maintained in DME with 10% FCS. For transient transfection, cells were plated in 6-well plates and transfected using FuGENE 6 according to the manufacturer's instructions (Roche). The Bcl6 reporter vector encoded the firefly luciferase gene under control of the Bcl6 promoter as previously reported ([@bib29]). 1,200 ng of reporter was used, together with 100--300 ng of expression vector encoding full-length murine cDNAs for IRF8 or PU.1. The total amount of DNA per transfection was normalized using an empty vector (pCDNA3.1). Luciferase activity was determined 24 h after transfection using a Dual-Luciferase assay kit (Promega) and measured with a LUMIstar galaxy luminometer (BMG Labtech).

### Retroviral infection.

The MSCV-IRF8-ires-GFP, MSCV-PU.1-ires-hCD4 and control retroviral vectors were generated by transient transfection of 293T cells and used to transduce primary cells as previously reported ([@bib3]). Purified lymph node B cells were activated with CD40L+IL-4+IL-5 for 30 h (as described above) and used for retroviral transduction. For retroviral transduction, cells were resuspended in 50 µl of media and spun at 2,400 *g* for 1.5 h in the presence of 1 ml of viral supernatant and 1.25 µg/ml polybrene. After spinning, cells were placed in the same medium for 4 d. Cells were analyzed by flow cytometry at day 5.

### Online supplemental material.

Table S1 shows cellularity of splenic B cell populations. Table S2 lists differentially expressed genes during B cell activation. Table S3 shows primers used for quantitative real time PCR. Table S4 shows primers used for quantitative ChIP PCR. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20140425/DC1>.
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